Background: There is concern that high degrees of hyperextension may lead to an increase in graft laxity or graft failure after anterior cruciate ligament (ACL) reconstruction.
The outcome of surgical reconstruction of the anterior cruciate ligament (ACL) is dependent on many factors.
Adequate surgical technique and graft placement, restoration of knee stability, and return of full range of motion and strength are just a few of these factors that affect ultimate postoperative knee function. Previous study has shown that with regard to range of motion, restoration of full knee extension is an independent predictor of improved knee function after ACL surgery. 21, 22 Full extension symmetric to the opposite side almost always includes some degree of hyperextension. DeCarlo and Sell 4 reported in a group of uninjured school-age students that 95% of males and 98% of females have some degree of hyperextension (mean, 5°for males and 6°for females). The International Knee Documentation Committee (IKDC) objective criteria 1 for postoperative ACL reconstructions state that as little as 3°to 5°of extension loss compared with the normal knee is considered not normal. Furthermore, studies have shown that extension loss of even this small magnitude can lead to worse subjective functional scores and a higher incidence of degenerative changes in the long term after ACL reconstruction. 16, 21 Consequently, full terminal hyperextension equal to the uninjured knee is essential for the best long-term outcome.
Unfortunately, there is concern that this hyperextension could cause ACL graft impingement in the roof of the intercondylar notch leading to undue stress on the graft. Jagodzinski et al 7 reported that ACL impingement increased in a linear fashion with increasing knee extension, even in normal knees, and that ACL impingement forces were higher in passive hyperextension than at 0°. Furthermore, there is worry that high degrees of hyperextension may place even more stress on the ACL graft, leading to an increase in graft laxity or graft failure. Consequently, surgeons performing ACL reconstruction must make critical decisions regarding postoperative rehabilitation pertaining to full hyperextension. Brace wear and avoidance of hyperextension has been advocated by some, 12, 18, 26, 27 especially in young patients with a higher degree of hyperextension. 5, 13, 14 While mean hyperextension in healthy subjects is around 5°to 6°, DeCarlo and Sell 4 also reported that 28% of healthy males and 48% of healthy females exhibit more than 7°of hyperextension. This particular group would be at the highest risk of insidious failure from graft impingement, but restricting hyperextension could result in a large flexion contracture.
The purpose of this study was to evaluate a group of patients with a high degree of hyperextension to assess whether achieving full hyperextension resulted in greater graft laxity and graft tear and failure rates compared with a group with less hyperextension. We hypothesized that patients with a high degree of hyperextension would have a higher rate of graft tear/failure and lower subjective scores after surgery than patients with less knee extension.
METHODS
From 1998 through 2009, a total of 2329 patients underwent ACL reconstruction by the senior author (K.D.S.). Surgery was performed through a medial parapatellar mini-arthrotomy with a 10-mm patellar tendon autograft and suture fixation over buttons, and all patients followed the same postoperative rehabilitation program as previously described. 19, 24 Patients were asked to participate in a long-term outcome study of ACL reconstruction, and the study was approved by an institutional review board. Data were prospectively collected regarding injury and surgery and included demographic information and objective and subjective data routinely recorded as part of the normal patient care until released to return to activities and/or sports. Patients were asked to return for research followup evaluations at 2 and 5 years after surgery. Minimum 2-year objective follow-up was required for inclusion in the study.
The patient population is summarized in the CONSORT (Consolidated Standards of Reporting Trials) diagram (Figure 1 ). Patients were excluded from this analysis if they underwent revision ACL surgery, had arthritic changes observed on radiographs before surgery, or had bilateral ACL involvement. Patients were included in the study if they had 6°of hyperextension before and after ACL reconstruction (group A; n = 318) or had 3°of hyperextension before and after ACL reconstruction (group B; n = 307). Patients who had 4°and 5°of hyperextension before and after surgery were intentionally excluded from the study to allow for measurement variability.
Range of motion was measured with a goniometer as described by Norkin and White. 11 To measure hyperextension, the patient's heel was elevated on a bolster so the knee could go into hyperextension if it was present ( Figure  2 ). Range of motion measurements were performed by physical therapists who work directly with the orthopaedic surgeon and the measurement technique is consistently used. The physical therapists at this institution have previously established the interrater reliability to be 0.88 for extension and 0.88 and 0.99 for flexion; intrarater reliability was 0.95 for extension and 0.99 for flexion. 20 Objective stability was tested with the KT-1000 arthrometer (MEDmetric), and manual maximum difference between knees (in mm) was used for analysis. The physical therapist treating the patient performed range of motion and KT-1000 arthrometer measurements, and patients were consistently treated by the same physical therapist throughout rehabilitation.
Patients were sent subjective surveys yearly after surgery, which included the Cincinnati Knee Rating Survey (CKRS), 3 IKDC subjective survey, 6 and an activity rating survey as previously published. 23 The activity rating survey asked patients what sports or activities they were participating in, and the patient circled a choice of activity level of professional, collegiate/elite competition, schoolage competition, recreational level, or activities of daily living. The data were scored on a scale of 1 to 10 according to a ranking of sports and activities based on risk for ACL injury and level of competition. An activity rating of 10 indicated that the patient participated in college or professional-level sports involving jumping, twisting, or pivoting, which included sports such as basketball, soccer, football, volleyball, and snow skiing, which are known to be high-risk activities for ACL injuries. 2 An activity rating of 9 indicated the patient participated in the same type of high-risk sports at the school-age level, and a rating of 8 indicated the patient participated in the high-risk sports at a recreational level.
Information regarding whether the patient had sustained a subsequent ACL injury was obtained through several methods. We obtained information directly from patients when they returned for an evaluation after injury. The yearly surveys sent to patients included questions asking the patient to report any further injury to either knee. If the patient reported an additional injury, the patient was contacted for specific information regarding the cause and date of the injury, and he or she was asked to send us medical records of treatment. Subsequent ACL graft tear within 5 years after surgery was used for analysis. Graft failure was defined as a KT-1000 manual maximum difference between knees of .5 mm.
Statistical Analysis
The Fisher exact test was used to determine whether there was a difference between groups for the rate of subsequent graft tear/failure, the Satterthwaite t test was used to determine difference between groups in mean KT-1000 arthrometer values of unequal variance, and the Wilcoxon 2-sample test was used to determine differences in means of nonparametric data for subjective scores. Mean differences between groups were evaluated for the IKDC total score, IKDC ''giveway'' subscore (scale, 1-5), CKRS total score, and CKRS ''stability'' subscore (scale, 0-20), with lower numbers indicating more symptoms.
RESULTS
Follow-up was obtained from 278 (87%) in group A and 275 (90%) in group B at a mean (6 SD) of 4.1 6 1.1 years after surgery. The mean surgery age of patients was 23.4 6 9.2 years. The mean hyperextension was 8°6 2°(range, 6°-15°) in group A and 0°6 3°(range, 3°hyperextension to 24°short of 0°) in group B after surgery. All patients obtained extension equal to or better than they had before surgery. Three patients in each group had extension loss of .2°compared with the opposite normal knee after surgery.
The KT-1000 arthrometer manual maximum difference between knees was 2.0 6 1.4 mm (range, -1.0 to 5 mm) in group A and 2.1 6 1.6 (range, -1.0 to 6 mm) in group B (P = .701).
Within 5 years after surgery, subsequent ACL graft tear/failure occurred in 22 patients (6.9%) in group A and 30 patients (9.8%) in group B (P = .246). Further subanalysis of group A showed that the graft tear/failure rate was 6 of 81 (7.4%) for patients with 10°of hyperextension versus 16 of 237 (6.8%) for patients with 6°to 9°of hyperextension (P = .804).
For both groups combined, the mean surgery age of patients with graft tear/failure was 18.6 6 5.1 years versus 23.7 6 9.4 years in patients without a tear.
The percentage of patients who participated in jumping and pivoting sports was 85% in group A and 86% in group B before surgery and 87% in group A and 90% in group B after surgery. The mean activity rating score was 8.4 6 1.1 in both groups after surgery. There was no statistically significant difference in the IKDC ''giveway'' or CKRS ''stability'' scores between groups after surgery (P = .174 and .107, respectively). Similarly, there was no difference in IKDC total score or CKRS total score between groups after surgery (P = .933 and .155, respectively) ( Table 1 ).
DISCUSSION
The results of this study show no increase in ACL graft tear/ failure rate after ACL reconstruction with a patellar tendon autograft in patients with 6°of knee hyperextension compared with a group of patients with 3°of hyperextension. Furthermore, these patients were treated with a previously published accelerated rehabilitation protocol emphasizing immediate postoperative full extension, including terminal hyperextension symmetric to the opposite normal knee, without a period of brace immobilization. Furthermore, subanalysis showed that patients with 10°or more hyperextension did not have increased risk of graft tear/failure.
The role that knee extension plays in the outcome of ACL reconstruction has been studied extensively. Multiple reports have documented the negative effects of extension loss on the outcome of ACL reconstruction. Shelbourne et al 21 reported in a regression analysis that loss of extension was a strong statistically significant factor in worse functional scores, increased need for further surgery, and decreased strength after ACL surgery. Furthermore, Shelbourne et al 21, 25 reported that even as little as 3°to 5°of extension loss after ACL surgery compared with the opposite knee leads to an increased risk of arthritic changes at longer term follow-up. DeCarlo and Sell 4 reported that over 97% of patients with normal knees have some degree of hyperextension and that over 30% have more than 8°of hyperextension. It becomes clear that if even a small degree of extension loss as little as 3°can lead to decreased knee function and an increased risk of knee arthritis, then postoperative knee extension must include high degrees of postoperative hyperextension if it is present on the uninjured knee.
However, many protocols for early postoperative ACL rehabilitation include a period of bracing. This inclusion is based, to some degree, on the fear that hyperextension could place too much stress on the graft leading to increased laxity and potential failure. From a basic science perspective, there is clear evidence that both the native and the reconstructed ACL are subject to higher impingement forces in hyperextension. 7 Jagodzinski et al 7 reported a linear increase in ACL impingement forces with increasing knee extension, with highest forces observed with the knee in passive hyperextension. Therefore, some may worry that immediate hyperextension may threaten the reconstructed ACL, especially in the early postoperative period before any significant graft healing in the ACL tunnels. 5 This is especially true of patients with signs of generalized joint laxity, who are more likely to have higher degrees of knee extension and have been reported to have greater postoperative knee laxity readings after ACL surgery. 8 Unfortunately, bracing has been found to increase the incidence of motion loss 9 because postoperative bracing can specifically impede hyperextension. Mikkelsen et al 10 used radiographs to show that knees in a postoperative brace set at 0°are often in slight flexion. Also, they reported that a postoperative knee brace set at 0°was more likely to result in extension loss than when the brace was set for 5°of hyperextension, and even then some patients still had extension loss. 10 In the patients included in this study, multiple important details seek to address these potential risks in patients with higher degrees of hyperextension. First, patellar tendon grafts were used in all cases. Ramesh et al 15 studied ACL-injured patients and found increased ancillary signs of generalized joint laxity and increased incidence of knee hyperextension compared with controls with no ACL injury. Furthermore, Kim et al 8 reported that in patients with knee hyperextension and those with other signs of increased joint laxity, stability was statistically significantly better with patellar tendon autograft versus hamstrings. Data from these studies, 8, 15 coupled with data presented here, suggest that patellar tendon grafts may be the superior graft choice in patients with higher degrees of hyperextension, as no increase of graft tear or failure was seen in our patients with greater hyperextension.
Second, symmetric knee hyperextension was encouraged immediately. All patients in our study participated in extension exercises to include full hyperextension symmetric to the normal knee on the afternoon of surgery and continued this throughout their rehabilitation. No braces and/or immobilizers were used at any time postoperatively. In addition to no increase in graft tear/failure, there was no increase in instrumented KT-1000 arthrometer knee laxity in our patients. Therefore, given these data, the absence of brace wear restricting hyperextension did not result in an increase in graft tear/failure. Consequently, it is our opinion that brace wear restricting hyperextension is unlikely to change the risk of graft failure but could increase the incidence of extension loss with its subsequent impairments.
Details of the surgical procedure were also important to the knee's ability to tolerate full hyperextension in all patients, regardless of the degree. Tibial tunnel placement, as viewed in the sagittal plane, was always placed just anterior to the posterior sloping of the tibial plateau where the posterior cruciate ligament crosses. This position resulted in impingement-free tunnels. Furthermore, notchplasty was done in all cases to increase the space available for a 10-mm patellar tendon graft. Also, the tunnel positions were checked with the graft in place to ensure that full symmetric hyperextension did not cause graft impingement before final graft tensioning and fixation. Provisional graft fixation with sutures tied over buttons was initiated with a slip knot in the sutures to allow changes in graft tension while the knee was moved through full range of motion. If impingement did occur, bone and/or soft tissue were removed anteriorly from the intercondylar notch or posteriorly from the tibial tunnel to make the graft a perfect fit without impingement in full hyperextension, followed by final graft tensioning at 30°of flexion and tightening of the sutures with a locked knot. These intraoperative checks were vital to ensure that the graft was able to allow full hyperextension in all cases, regardless of the degree of hyperextension. No changes to the surgical technique, intraoperative checks, or graft tensioning were made based on the degree of hyperextension.
Finally, we performed a subanalysis on patients with more than 10°of hyperextension to further select those patients on the highest end of the statistical distribution. This group also did not show an increased risk of graft tear/failure compared with patients who had less knee extension. Saito et al 17 conducted a study that compared the results after double-bundle ACL reconstruction with semitendinosus tendons in 42 patients with more than 10°of hyperextension versus 58 patients with less than 10°of hyperextension; they also found no difference between groups for anterior translation or pivot shift after surgery. It is thus our opinion that the postoperative protocol for obtaining full hyperextension after surgery should not be adjusted, even for those with more than 10°of hyperextension.
One limitation of this study is that we evaluated patients who had surgery with a patellar tendon autograft and no other graft source was used. Therefore, these results may not be able to be applied to ACL reconstruction with other graft sources. Another limitation is that there were multiple physical therapists who performed range of motion measurements. However, reliability for measurements has been established, and we intentionally excluded patients who had 4°or 5°of hyperextension to allow for measurement variability.
CONCLUSION
Results of this study show that, in patients with high degrees of hyperextension, even greater than 10°, there is no increase in ACL graft tear/failure compared with patients who have a lower degree of extension after ACL reconstruction with a patellar tendon autograft and accelerated rehabilitation. Results also show no difference in instrumented ligamentous laxity, subjective functional scores, or subjective instability between groups.
